Codeposition of C 60 and the three-dimensional molecular hydrocarbon 1,3,5,7-tetraphenyladamantane (TPA) on Au(111) leads to the spontaneous formation of molecular nanostructures in which each fullerene is locked into a specific orientation by three surrounding TPA. Scanning tunneling spectroscopy shows that the electronic coupling of C 60 with the surface is significantly reduced in these nanostructures, enhancing the free-molecule properties. As evidenced by density functional theory simulations, the nanostructures are stabilized by 18 local electrostatic forces between C 60 and TPA, resulting in a lifting of the C 60 cage from the surface. DOI: 10.1103/PhysRevLett.100.036807 PACS numbers: 73.22.ÿf, 68.37.Ef, 73.61.Wp, 73.63.ÿb The use of organic molecular thin films on an inorganic surface [1, 2] offers the perspective of tuning their electronic functionality by redesigning the basic molecular components. At the interface with a metal, the molecular levels are pinned due to hybridization and charge transfer processes [3] , resulting in a substantial broadening of the molecular resonances. The performance of molecular interfaces in, for example, electronic devices depends on the facility of charge injection, but also on fundamental parameters regarding carrier mobility and lifetime. Polaronic charge transport and luminescence [4] are strongly improved by the localization of electronic states in the molecular layer. It is hence desirable to design strategies that permit us to modify the degree of electronic coupling between molecular entities with states of the metallic support.
The use of organic molecular thin films on an inorganic surface [1, 2] offers the perspective of tuning their electronic functionality by redesigning the basic molecular components. At the interface with a metal, the molecular levels are pinned due to hybridization and charge transfer processes [3] , resulting in a substantial broadening of the molecular resonances. The performance of molecular interfaces in, for example, electronic devices depends on the facility of charge injection, but also on fundamental parameters regarding carrier mobility and lifetime. Polaronic charge transport and luminescence [4] are strongly improved by the localization of electronic states in the molecular layer. It is hence desirable to design strategies that permit us to modify the degree of electronic coupling between molecular entities with states of the metallic support.
A recent approach to weaken the electronic interaction between a molecular layer and an inorganic interface is to use dielectric spacers, thin enough to allow charge injection. Ultrathin films of oxides [5] [6] [7] [8] [9] , ionic salts [4, 10, 11] , nitride [12] , or alkanethiol layers [13, 14] have been used to successfully decrease the electronic overlapping between an atom or a molecule and a metal surface. The results of such spacers are, for example, the sharpening of molecular resonances [13, 14] , giving rise to strong nonlinearities in charge transport, an increase in their electronic lifetime and coupling with vibrations in the molecule [9] , improving photoluminescence efficiency [4, 7] , or the decrease of exchange interactions of an atom with the metal, hence allowing the control of magnetization at the atomic level [12] .
Here, we report on an alternative approach to weaken the electronic coupling between a molecule and a metallic surface, based on lateral electrostatic interactions of two organic molecules. These interactions lift one of the species from the surface and at the same time allow the molecule to recover its gas phase shape. We show that C 60 with 1,3,5,7-tetraphenyladamantane (TPA) spontaneously forms nanostructures on Au(111), where one C 60 molecule is surrounded by three TPA. These nanostructures are stabilized by multiple electrostatic intermolecular bonds between hydrogen atoms and fullerene states, as resolved by numerical simulations of the bonding induced charge density. Unexpectedly, these bonds are very local and, instead of distorting the cage structure, cause the C 60 cage to be reoriented and lifted from the surface, restoring its freemolecule structure and its electronic integrity, as evidenced by scanning tunneling spectroscopy (STS). These results foretell a new approach for tuning molecule-surface coupling by the proper functionalization of the interacting molecules, which in this case is proven to be mediated by noncovalent interactions to a conjugated cage.
We chose TPA as a hydrocarbon to interact with C 60 [Figs. 1(a) and 1(c)], because its concave carbon skeleton makes this molecule a good candidate to form an inclusion complex with the curved conjugated carbon cage of C 60 . The large difference in gap between TPA and C 60 [20] implies a very small intermolecular hybridization of the frontier orbitals leading to a reduction of electron transport from C 60 into the metal substrate via TPA orbitals.
TPA was deposited on the Au(111) surface by sublimation under ultrahigh vacuum conditions. The Au(111) surface, previously cleaned using standard sputter-annealing methods, was kept at room temperature during the adsorption of about 0.5 monolayers of TPA and subsequent deposition of C 60 . Scanning tunneling microscopy (STM) and STS measurements were then carried out at 4.8 K in custom-made equipment.
Figures 1(a) and 1(b) show typical STM images. The most characteristic features are triangular shaped arrangements attributed to TPA=C 60 mixed nanostructures. The close-up view in Fig. 1(c) resolves that the smallest nano-structure consists of a single fullerene at the center of a triangle, whose vertices are formed by three TPA molecules, seen as three lower protrusions. These tetramers are the basic building block of periodically extended structures as those shown in Fig. 1(b) . Interestingly, in the TPA=C 60 complexes, C 60 is always found in the same orientation as revealed by the threefold shape of the intramolecular structure [Figs. 1(b) and 1(c)]. This specific internal structure of the fullerene corresponds to the characteristic shape of the LUMO when a C3 axis is oriented perpendicular to the surface [16] . It should be noted that in pure C 60 islands on Au(111), found occasionally in this preparation, the molecular cage exhibits a large variety of orientations [21, 22] . Hence, from the unique orientation in the nanostructures a local interaction between C 60 and TPA can be inferred.
An indication of the C 60 molecular orbitals being less perturbed by the surface in the tetramers is given by the fact that their intermolecular structure is more clearly resolved than in pure C 60 islands with the same tip conditions [11] . In order to resolve the electronic configuration of the TPA=C 60 complex we recorded the current-voltage and differential conductance (dI=dV)-voltage characteristics. A typical dI=dV spectrum of TPA=C 60 complexes is presented in Fig. 2 (a) [23] . A gap of about 2.6 eV width is observed, limited by two nonlinear features associated with the energetic position of the LUMO and highest occupied molecular orbital (HOMO) derived resonances. The LUMO peak of C 60 in the TPA=C 60 nanostructure is significantly sharper (FWHM 290 meV) than in a pure C 60 island (FWHM 400 meV). Additionally, the LUMO position of C 60 in a tetramer is shifted by 200 meV to higher energies than for molecules in the pure island. An increase in gap width is expected for a more weakly coupled molecule, since the screening of the substrate is reduced leading to a larger Coulomb repulsion of the tunneling electron [24] .
A further intriguing feature in the spectra of C 60 in the TPA=C 60 complex is a regime of negative differential resistance (NDR) in the high-energy part of the LUMO, which is neither found on pure C 60 islands nor on TPA regions. NDR is a fingerprint in tunneling dI=dV spectra of localized states weakly coupled with the supporting electrode [11, 25] . The origin of this effect lies in the rapid energy dependence of the vacuum transmittivity, but requires for its observation the presence of sharp resonances, as has been described by Grobis et al. [25] . A characteristic of this effect is that it becomes more pronounced with the tip-sample distance, as is found in our case [ Fig. 2(b) ] [26] . Thus, NDR is compatible with the presence of a sharper LUMO resonance in the TPA=C 60 complex. In addition to the observation of a larger gap width and a sharper intramolecular structure, this reflects a significant reduction in the electronic coupling strength of the fullerenes with the metallic substrate.
In order to understand the origin for this weaker electronic coupling and the role of molecular interactions between C 60 and TPA we have performed density functional theory calculations with the VASP code [27] . According to the experimental results [ Fig. 1(b) ] and in agreement with force-field simulations [ Fig. 1(c) ] [17] , the periodically extended structure of the TPA=C 60 complexes corresponds to a 2 7 p 2 7 p R19 unit cell, taken as a starting point for the density-functional theory (DFT) simulations in order to reduce the computational effort. The Au(111) substrate was modeled by 4 fcc layers, leading to a 238-atom unit cell. Because of the periodic boundary conditions in the z direction we keep a minimum separation of 11 Å between the topmost molecular atom and the bottom layer of the next gold slab. We found that the local density approximation (LDA) gives an Au lattice parameter, which is 0.01 Å shorter than the experimental one, permitting us to remain very close to the experimental The small protrusions correspond to TPA, while the large ones with threefold symmetry represent C 60 . The latter is always oriented with a C3 axis perpendicular to the surface [compare to the lowest unoccupied molecular orbital (LUMO) isosurface in the inset [16] ]. The molecular structure as minimized by force-field calculations is superimposed [17] .
geometry [28] . In the minimized structure, C 60 lies on top of a gold atom and is held by the three surrounding TPAs, which sit on the surface with three of their phenyl moieties in an almost flat configuration, as depicted in Fig. 3 In order to resolve whether the lifting of C 60 is the main reason for the reduced coupling with the surface as observed in the experiment, we have calculated the TPA=C 60 electronic structure and compared it with that of a C 60 island with a 2 3 p 2 3 p R30 structure [21] , as in the experiments shown in Fig. 2(a) . The density of states projected onto chosen molecular orbitals of the corresponding free molecule (PDOS) yields the weight of the particular orbital in the total electronic structure of the whole molecule-surface system. It therefore permits us to resolve the perturbation and alignment of the molecular orbitals upon adsorption [29] . In Figs. 3(d) and 3(e) we compare the PDOS on C 60 molecular orbitals in the pure island case with the PDOS in the TPA=C 60 nanostructures.
In the former the molecular orbitals are significantly perturbed by the substrate. Because of the interaction with the surface the degeneracy of the fivefold HOMO and threefold LUMO is removed. This symmetry breaking leads to a substantially broadened LUMO peak, in agreement with the experimentally derived LUMO resonance of about 400-meV width. In contrast, C 60 in the TPA=C 60 nanostructures [ Fig. 3(e) ] preserves the degeneracy of the HOMO and the LUMO, in agreement with the undistorted cage structure. Therefore, the corresponding peaks appear with much thinner overall line shapes, in accordance with the smaller LUMO width in the tunneling spectra.
It is surprising that the C 60 cage structure is not perturbed, although the interaction with TPA is sufficiently strong to lift and orient the fullerene. Moreover, the C 60 is seeing insulating TPA molecules as can be concluded from the PDOS on TPA and their localization in space. The TPA's HOMO and LUMO at ÿ1:5 eV and 2.5 eV, respectively, are formed by states with their main weight in the phenyl rings [ Fig. 3(f) ] [30] . Therefore, both the TPA's HOMO and LUMO are spatially lying far away from the C 60 cage. States in the adamantane core have a character and are far outside of this energy window. Thus, there is no hybridization between the C 60 's HOMO and LUMO resonances with TPA states. The nature of the interaction between TPA and C 60 , which leads to the lifting from the surface and locking of the fullerene's orientation, is hence of noncovalent origin.
An insight in the bonding can be obtained by analyzing maps of the induced charge density, which reveal the perturbation of the electronic structure of the whole system by the inclusion of the considered molecule [31] . The interaction of C 60 with TPA=Au111 is given by the change in charge density induced by the presence of C 60 in the TPA=C 60 =Au111 relaxed structure (Fig. 4 ). An 
FIG. 4 (color online)
. Induced charge density with an isosurface contour at 0:0002 e= A 3 due to the interaction of C 60 with the TPA=Au111 system (darker and lighter colors represent electron depletion and electron excess, respectively). An excess of electron density is found near the double bonds of C 60 , while an electron depletion is localized on nearby H atoms. This points to a local electrostatic interaction between the molecules which dictates the orientation and lifting of C 60 from the surface. increase in electron density is found localized around the double bonds of the fullerene cage. Opposite to these there are 18 electron depleted regions at the hydrogen atoms of the surrounding TPA. The strongest correspond to the (positively charged) sp 3 -hybridized H atoms of the adamantane cage pointing toward the closest (electron rich) double bonds of C 60 . This induced density then reveals the presence of charges of opposite signs, hence giving rise to an attractive electrostatic interaction between the molecules. The overall C 60 -TPA interaction energy amounts to 0:6 eV leading to an average of 35 meV for each of the 18 C-H pairs. The chemisorption energy of C 60 in the TPA=C 60 complex is 1.10 eV. Therefore, the direct C 60 -surface interaction is estimated as 0:5 eV, lower than the 0.86 eV chemisorption energy of C 60 in the 2 3 p 2 3 p R30 structure [32] . Comparison of the chemisorption energies of C 60 in the tetramer and in the homomolecular islands thus supports the reduced interaction of the fullerene with the surface and further reflects the more stable nature of the TPA=C 60 nanostructures.
Hence, the attractive interaction between opposite charges induced on C 60 and TPA is similar to the electrostatic character of CH-bonds in fullerene chemistry [33] . The number of these bonds is maximized when the fullerene cage is in the C3 orientation. This is the driving force for the orientation and lifting of C 60 from the surface. The effect of the TPA molecules is thus twofold: they reduce the direct C 60 -substrate interaction, and they stabilize the C 60 in the nanostructures.
In conclusion, we have presented a new approach for reducing the direct coupling of organic molecules to a metallic substrate. Instead of the inclusion of spacer layers, we have shown that lateral molecular interactions, such as the electrostatic attraction of electron rich and depleted areas of C 60 and TPA, are capable of partially overcoming the direct C 60 -surface bonding. Functionalizing the molecules opens the possibility of tuning the molecule-surface interactions. It will therefore permit us to create nanostructures with tailored electronic properties on the molecular scale.
